The linear theory for the onset of convection in a rotating layer with an imposed vertical magnetic field is studied for large Taylor (T a) and Chandrasekhar (Q) numbers. The velocity and magnetic field perturbations are in magnetostrophic balance. For small values of σ = ν/κ and ζ = η/κ, where ν, κ and η are the kinematic viscosity, and thermal and ohmic diffusivities, three oscillatory modes are typically present, and these undergo a complex sequence of transitions as parameters are varied. Two of these modes are related to the MAC (Magneto-ArchimedeanCoriolis) modes discussed by Braginskii, while the third is a magnetoconvective mode. Three different asymptotic regimes are identified in the limit of large T a and Q, depending on their relative magnitude, and the characteristics of the three modes in each regime are described in detail. Of greatest interest is the regime T a = O(Q 3 2 ) which captures all the transitions among the three modes including the transition to steady convection.
Introduction
In this chapter we revisit a classical problem, originally looked at by Chandrasekhar [1] : the linear theory for the onset of convection in a rotating layer with an imposed vertical magnetic field. Although the basic formulation of the problem is contained in Chandrasekhar's book, we have recently realized that his discussion of the governing dispersion relation is incomplete in certain regimes of astrophysical interest, and that it contains several surprises. In the present work we elucidate these, focusing on convection in rapidly rotating objects with strong magnetic fields, such as might be present in A-type stars with starspots at or near the poles [2] . We are therefore particularly interested in the regime in which both the Taylor number T a and the Chandrasekhar number Q are large. Moreover, in contrast to Chandrasekhar who focused on liquid metals for which the ohmic diffusivity is always large compared to thermal diffusivity, we explore the properties of the dispersion relation in the opposite and astrophysically relevant case of small ohmic diffusivity and kinematic viscosity. We investigate in detail the regime in which the velocity and magnetic field perturbations are in magnetostrophic balance, since this results in a highly nontrivial competition between the rotation and magnetic field, resulting under appropriate conditions in as many as three competing oscillatory modes. In the case of small Prandtl numbers overstability in the form of inertial waves is favored, while small ohmic diffusivities favor overstable magnetoconvection. Of course, the inertial waves will in general be affected by the presence of a strong magnetic field while magnetoconvection (both oscillatory and steady) will be affected by the strong rotation. In the following we refer to waves in which both ingredients are important as MAC (Magneto-Archimedean-Coriolis) waves, using the terminology first introduced by Braginskii [3] , despite the fact that Braginskii was concerned with hydromagnetic waves in a horizontal field only. The competition between these two instability mechanisms is responsible for the particular richness of the present problem, both at the linear level and in the fully nonlinear regime. In this note we present detailed solutions of the linear stability problem in this regime and point out the presence of three essentially distinct asymptotic regimes, depending on the relative magnitude of T a and Q. Since we are interested in the effects of rotation on magnetoconvection we choose to scale T a relative to Q rather than vice versa, and define these regimes in terms of an exponent p such that the oscillation frequency ω = O(Q p ). The first of these regimes, defined by p > 1 2 , is rotation-dominated, while the third (p < 1 2 ) is dominated by the magnetic field. In each case, however, the competing restoring force can be retained in the theory. In the most interesting (and most complex!) case, p = 1 2 , the linearized Lorentz force enters at the same order as the Coriolis force and the behavior of the system is dominated by the requirements of magnetostrophic balance. The range of applicability of each of these asymptotic regimes is tested against a numerical solution of the full dispersion relation.
The Dispersion Relation
The dimensionless Boussinesq equations describing magnetoconvection in a plane horizontal layer of depth d rotating uniformly about the vertical with angular velocity Ω (see Figure 1 ) are
where u ≡ (u, v, w) is the velocity in Cartesian coordinates (x, y, z) with z vertically upwards, and T , B and p denote the dimensionless temperature, magnetic field and total pressure, respectively. The equations have been nondimensionalized with respect to the thermal diffusion time d 2 /κ in the vertical. The resulting dimensionless parameters
are the Taylor, Chandrasekhar, Rayleigh, and thermal and magnetic Prandtl numbers, respectively. Here B 0 is the strength of the uniform vertical magnetic field threading the layer (Figure 1 ), ∆T is the applied temperature difference, g is the gravitational acceleration and α the coefficient of thermal expansion; of the remaining quantities ν represents the kinematic viscosity, κ the thermal diffusivity, η the magnetic diffusivity, and ρ is the (constant) fluid density. These equations are supplemented with periodic boundary conditions in the horizontal, and stress-free, perfectly (thermally) conducting boundary conditions at the top and bottom. If the magnetic field is assumed not to exert any stress on the horizontal boundaries the resulting problem, linearized about the conduction state, u = 0, T = 1 − z, B = (0, 0, 1), is separable in the horizontal and vertical directions, and small amplitude perturbations of the conduction state satisfy the dispersion relation
Here a 2 = k 2 + π 2 , k is the horizontal wavenumber of the perturbations, and ω is their frequency. This frequency is real along the neutral stability curve Ra = Ra(k). If ω(k) = 0 this neutral stability curve corresponds to the onset of overstability; if ω(k) ≡ 0 the onset is steady. It should be mentioned that in addition to the modes derived from this dispersion relation there is a pair of slowly decaying long wavelength modes. In two dimensions these describe the decay of a large scale mean flow parallel to the rolls and of the magnetic flux function [4] . In the following we do not consider these modes further.
As in our previous work [5, 6 ] the details of the velocity and magnetic boundary conditions become immaterial in the limit of large T a and Q. In this regime the boundary conditions manifest themselves in ever thinner and passive boundary layers along the top and bottom boundaries. As a result the idealized boundary conditions used above suffice to describe the linear stability properties of the conduction state even for other, more realistic choices of the boundary conditions, provided only that T a and Q are both sufficiently large (cf. [7] ).
Numerical Results: The Full Dispersion Relation
The results that follow are ordered according to whether σ < 1, favoring inertial wave instability, or ζ < 1, favoring overstable magnetoconvection, or both. The last case is of course the most interesting. Figures 2-4 show the result of solving the dispersion relation (6) when ζ = 0.1 and Q = 10 10 , for various values of the Prandtl number σ and the quantity δ ≡ T aQ Rayleigh number RaQ −1 , scaled wavenumber kQ . These scalings are motivated by the asymptotic analysis described in Section 4. We find that the nature of an unstable oscillatory mode is best characterized by the dependence of its (scaled) frequency on the (scaled) wavenumber. Figure 2 indicates that the most interesting behavior occurs for RaQ
. The values σ = 1.0, ζ = 0.1 used in the figure favor overstability of magnetoconvective origin. The figure shows the neutral stability curves Ra(k) for overstability (solid curve) and pure exponential growth (dashed curve) for different values of the rotation rate δ. For fixed k these curves indicate the presence of Hopf and steady state bifurcations, respectively. In the cases shown the marginal stability curve for overstability always falls below that for steady state instability and terminates on it at a Takens-Bogdanov (hereafter TB) point. At this point the oscillation frequency ω vanishes. The weak dependence of the frequency on k when δ = 0 (Figure 2b ) is characteristic of modes we refer to as magnetoconvective, and is a consequence of the small value of ζ used. However, as the rotation rate increases (δ > 0) the frequency at small k drops as the mode acquires the characteristics of a slow MAC mode (see below). These include the small frequency as k → 0 and the characteristic power law growth with k, before dissipative effects set in for higher k. In fact the frequencies of all the modes encountered below become independent of k as k → 0 since dissipation has no effect on large scales. At the same time the neutral curve becomes more complicated. For δ = 7.5 the Hopf curve breaks up into two parts with the creation of two additional Takens-Bogdanov points. If δ is increased further, the large wavenumber portion shrinks to zero so that by δ = 10.0 only the lower wavenumber portion remains. However, despite these changes in the oscillatory neutral curve, there is only one type of overstable mode, a slow MAC mode that is continuously connected to the magnetoconvective mode as the parameter δ → 0; as a result the neutral curves resemble those familiar from the non-rotating problem [6] . For smaller σ the situation is more interesting since we can now have inertial oscillations as well as the magnetoconvective modes. Figure 3 shows an example for σ = 0.01. As shown in Figures 3a,b the non-rotating case (δ = 0) behaves much like the case σ = 1.0. However, for sufficiently large rotation (e.g., the case δ = 0.1 shown in Figures 3c,d ) a pair of new neutral stability curves appears at small k; of these, the higher one is associated with lower frequency modes and vice versa. The net effect of δ = 0 is therefore to split the magnetoconvective mode present when δ = 0 into three modes, each characterized by different ω(k). In the following we refer to the high frequency mode as the fast MAC mode; its frequency decreases with increasing k. The low frequency mode is referred to as the slow MAC mode; its frequency increases with k. This is the mode already encountered in Figure 2 for σ = 1.0. Finally, there is a mode of intermediate frequency that is almost independent of k over a large range. In the following we shall refer to this mode as the magnetoconvective mode since its frequency is almost independent of the rotation rate, and its dispersion relation resembles that for the magnetoconvective mode in the non-rotating case. However, it must be emphasized that this is so only once the rotation rate is large enough and that rotation is in fact essential for the presence of this mode. Observe that the frequencies of all three modes become comparable at k = O(1) (in our scaling) allowing them to interact. It is this interaction region that is of primary interest in this paper. Since the product of the frequencies of the slow and fast modes is almost independent of k (and of δ) and comparable to the square of the magnetoconvective frequency, it is appropriate to think of these two modes as the result of (strongly k-dependent) rotational splitting of the magnetoconvective mode. Note also that in the limit k → 0 the frequencies of all three modes approach constant, k-independent values, while the neutral stability curves remain strongly k-dependent. The two higher neutral stability curves, corresponding to the magnetoconvective mode (upper curve) and the fast MAC mode (lower curve) both depend strongly on the rotation rate as measured by δ. In contrast the lowest neutral curve, corresponding to the slow MAC modes, is almost independent of δ. The fact that the neutral stability curve for the slow modes resembles, for small to moderate values of δ, the shape of the neutral stability curve for the magnetoconvective mode when δ = 0 highlights the close relation between these two modes (see Figure 2 ). Because of its low frequency the slow mode is the mode most strongly affected by buoyancy, in contrast to the two remaining modes which require buoyancy for their destabilization but remain essentially Alfvénic (the magnetoconvective mode) or inertial (the fast mode).
For larger values of δ the frequency of the fast mode continues to increase while that of the slow mode drops, resulting in a gradual separation of their neutral curves. However, a wavenumber region remains in which the frequencies of these two modes remain comparable resulting in a localized interaction between them. The beginning of this interaction can be seen for δ = 5.0 (Figures 3e,f) . The interaction splits the slow mode neutral curve into two by the time δ = 11.0 with the creation of two (additional) Takens-Bogdanov bifurcations, forming an isola of overstability at large k (cf. Figures 2c,d ). This isola reconnects with the magnetoconvective and fast modes by δ = 12.0 (Figures 3i,j) , with the result that the neutral curves for the fast and magnetoconvective modes now terminate on the steady state neutral curve as well (see Figures 3k,l) . However, despite these changes the slow mode remains the mode that sets in first as Ra increases. Figure 4 shows the results of varying the Prandtl number σ for fixed rotation rate δ = 10.0. This time a pair of new neutral stability curves appears as σ decreases. This is because the dominant damping mechanism for modes that are essentially inertial is provided by viscosity. Consequently one expects such modes to appear as σ decreases. These curves appear as a pair because of magnetic splitting of the inertial mode; the corresponding frequency curves indicate that the top neutral stability curve corresponds to modes we have called magnetoconvective while the lower curve corresponds to the fast MAC modes. Despite the large frequency splitting the thresholds are dominated by rotation and hence are very similar. With decreasing σ these neutral stability curves separate, and begin to interact with the steady neutral curve once σ < 0.01. The curves first touch and then connect with the steady neutral curve creating two new Takens-Bogdanov bifurcations, i.e., the frequencies of both modes drop to zero towards large k, much as in Figure 3 . The frequency curves for the two modes then pinch off leaving behind an isola of overstability between two Takens-Bogdanov bifurcations (see Figure 4j for σ = 0.001) and a curve connecting the remaining magnetoconvective and fast modes. The net result is that the neutral stability curves for these modes shift towards smaller k with decreasing σ and hence toward lower Rayleigh numbers, allowing the fast MAC mode to become the first unstable mode. Note that for σ = 0.0001 the slow and fast MAC modes have almost identical thresholds for small k; this is because the (scaled) frequency of the fast mode drops rapidly with decreasing σ towards the already small frequency of the slow mode, while the latter remains insensitive to the value of the Prandtl number. As a result the frequency difference between the two modes has almost no effect on their stability thresholds. This behavior persists down to σ = 0. We remark that because of our nondimensionalization small Prandtl numbers correspond to small viscosity and not to large thermal conductivity.
Asymptotic Analysis
This section is devoted to an analytical understanding of the dispersion relation (6) derived above. We consider various asymptotic regimes motivated by astrophysical considerations, followed by a study of the long wavelength properties of this relation from which a particularly simple picture of the various modes emerges.
The Large Q, T a Limit
In this section we focus on large horizontal wavenumbers and frequencies, both of which are favored for large Q and/or T a. We suppose therefore that ω = O(Q p ). In order to retain at least some effects of horizontal diffusion in the analysis that follows we also suppose that k (and hence a) is O(Q p/2 ). It is necessary to distinguish between three cases: p > The first of these cases we consider is p > 1 2 , and in the limit Q → ∞ we set δ ≡ T aQ −3p and take δ to be of order one. Here the rotation is so strong that magnetic field effects drop out. The problem then reduces simply to rapidly rotating convection, described by
whereR ≡ RaQ −2p , and both ω and k are the corresponding scaled quantities and hence of order one. Thus Ra = O(T a
) and similarly for the frequency. We refer to this case as Regime I. This regime is the least interesting (see remark at the end of Section 4.1) and we do not consider it further.
The case of greatest interest is the case T a = O(Q ). This particular scaling with T a was identified in [5, 8] for the preferred mode in rapidly rotating convection with no magnetic field. The scaling for the critical Rayleigh numbers and frequencies also agrees with that obtained in [6, 9] for (nonrotating) magnetoconvection in a strong magnetic field, viz. Ra = O(Q) and ω = O(Q 1 2 ), even though the wavenumber scaling corresponds to that of the TakensBogdanov point rather than that for the preferred wavenumber which scales as k = O(Q 1 6 ). However, in earlier work on (nonrotating) magnetoconvection we noted [6] that scaling the wavenumbers with Q allows us to retain the effects of horizontal dissipation at leading order, and hence all the essential features of the linear problem, including wavenumber selection and the appearance of Takens-Bogdanov bifurcations as the wavenumber changes. Moreover, the scaled dispersion relation predicts the correct critical Rayleigh numbers and frequencies in the limit of (scaled) k → 0, i.e., their values at the true minimum of the neutral stability curve at k = O(Q 
retains all the essential properties of the original dispersion relation (6), as discussed further below. Here δ ≡ T aQ and retains the full influence of the magnetic field even though the rotation rate is larger (for fixed Q) than in Regime II. In this case the dispersion relation (6) becomes
where δ ≡ T aQ p−2 andR = RaQ −1 . Observe that in this scaling the Prandtl number σ drops out. As a result the two MAC modes are filtered out. However, as suggested by Figure 4 , we can restore the influence of the Prandtl number by scaling it appropriately with Q: σ ≡σQ 2p−1 , whereσ = O(1). In this case, which applies to asymptotically small Prandtl numbers, the dispersion relation (6) becomes
where δ ≡ T aQ p−2 andR = RaQ −1 as before. In the following we refer to this regime as III'.
It is useful to list the order of magnitude of the perturbations in the different regimes identified above. For two-dimensional instabilities in the form of rolls with axes in the y direction, we write B = (a, b, 1 + c), and suppose that the temperature perturbation θ = O(1). It follows that in all three regimes w = O(Q p ), while in regime I (p > We now explore the adequacy of these simplified dispersion relations for the parameter values of interest. As already mentioned regime II focuses on wavenumbers k = O(Q , with discrepancies observable at smaller values of k only, i.e., the simplified dispersion relation focuses precisely on those properties that are characteristic of the three modes.
In contrast Figure 6 shows the results of solving the asymptotic dispersion relation (10), Regime III ′ , forσ = 1.0, ζ = 0.1 and several values of δ in the case p = 1 3 . Since this regime focuses on small Prandtl numbers it comes as no surprise that one finds in general three neutral stability curves for the onset of oscillations. However, as in the full problem (6) , only one of these is present when δ = 0, the magnetoconvective mode. Figure 6a shows that this mode sets in with k = 0, indicating a larger scale than assumed in our scaling. However, as soon as δ is nonzero this mode becomes the slow MAC mode and its neutral stability curve acquires a minimum at a finite value of the (scaled) wavenumber. At the same time two new neutral curves appear at small wavenumbers and move to the right with increasing δ, much as in the full dispersion relation (Figure 3) for small (unscaled) σ. The neutral stability curve for the fast mode introduced in this way remains nearby during this process, and one may expect both modes to be important near onset.
With increasing δ a new Takens-Bogdanov bifurcation appears at large wavenumbers (Figure 6e ), bringing in a new neutral curve of fast modes extending to yet larger wavenumbers. For larger values of δ the two TB bifurcations on the steady state neutral curve collide and the combined fast mode neutral curve detaches from the steady state neutral curve and now extends across all (scaled) wavenumbers. Analogous behavior takes place with increasingσ. Figure 6e should be compared with the region near kQ Figure 3g ,h for σ = 0.01. Evidently, the rightmost Takens-Bogdanov bifurcation is off-scale in the scaled theory, and it is for this reason that the scaled problem possesses a fast mode extending to large wavenumbers. These transitions are similar to those seen for the full dispersion relation, as seen on comparing Figures 6j,l with Figures 3h,j . In both cases, the corresponding frequency curves show how well the scaled theory captures the behavior of the linear stability problem in the regime k = O(Q 1 6 ). Any discrepancies can be attributed to the fact that the values of δ and σ in the two sets of plots are, in some cases, somewhat different. Figure 7 shows a blow up of some of the reconnections that take place between Figures 6j and 6l. Figure 8 shows that when ζ = 1.0 the situation is considerably simpler. The slow mode is now absent, leaving the fast and magnetoconvective modes, although these too undergo reconnections as δ varies. In particular, with increasing δ the magnetoconvective mode terminates in a TB bifurcation, and the two parts of the fast mode neutral curve reconnect (see Figures 6g,i) . As a result, for large enough δ overstability is present at all k; this is not necessarily so for smaller rotation rates.
The simplicity of the dispersion relation (9) in regime III allows us to describe analytically many of the features of the numerical results in Figures 2-4 that otherwise appear somewhat mysterious. The relation (9) leads immediately toR 
Note that this regime has filtered out two of the three oscillatory modes, leaving only the slow MAC mode (δ = 0). The corresponding critical K. Julien, E. Knobloch, S.M. Tobias Fig. 6 . continued.
Rayleigh number for the onset of steady convection iŝ
Thus in either case convection sets in with zero wavenumber, formally violating the implicit assumption that (the scaled) k is O(1). The linear theory results reveal an unusual property: when δ ≡ 0 (i.e., in the "non-rotating" case) no oscillations are present and the primary instability sets in atR * = π 2 , in apparent conflict with the limit δ ↓ 0 
Note that this is in fact the minimum of the Rayleigh number (11) as a function of k. Figure 3 helps us understand what is happening. The figure shows that for δ = 0 the magnetoconvective frequency is relatively large before dropping precipitously to ω = 0 as k increases. The figure also shows that the corresponding frequency (the slow MAC frequency) drops dramatically as δ increases (Figures 3d,f) . Moreover, for small δ the neutral stability curves for both steady and oscillatory modes are almost independent of the wavenumber k unless this is either very small or becomes comparable to its value at the Takens-Bogdanov point. These results are all consistent with the analytic predictions (11-14) in their range of applicability, viz. k = O(Q 3. In the present scaling the TB wavenumber is given by
at this point the critical Rayleigh numbers for oscillatory and steady convection coincide. Thus as δ ↓ 0 the TB bifurcation moves to infinite wavenumbers, and the wavenumber dependence drops out. Moreover, it is a simple matter to check that an O(1) frequency in the scaling of Figure 3 corresponds to an O(Q 1 2 −p ) frequency in regime III, thereby explaining the divergence of the frequency with decreasing δ in equation (12). These facts reflect the presence of a crossover from regime II to regime III with increasing rotation rate (relative to the magnetic field).
We remark that we have presented 3 ) but magnetic effects are retained. We can, however, get the same rotation rate, T a = O(Q 5 3 ), in regime I as well. To this end we must take p = 5/9. Performing the scalings used for regime I we find that magnetic effects scale out. Thus for identical values of the external parameters different internal balances isolate different modes, and lead to a different picture of the dynamics of the system. Evidently the balances quantified by the scaling used in Regime III retain the essence of the system, while those used in Regime I do not.
The Limit k → 0
In Section 2 we used the long wave (small k) behavior of the three modes present to identify and label the modes concerned. It is helpful to characterize this behavior precisely.
The Full Dispersion Relation (6)
In this section we examine the long wave limit of the dispersion relation (6) . The key to understanding the behavior shown in Figures 2-4 is the observation that if T a = O(Q 1+ε ) for any ε > 0, however small, rotation will dominate the mode structure of the problem. We focus here on this case since it contains Regime II, which as already explained is of greatest interest. In this case we can look for the magnetoconvective modes in the form
, where ω 0 ≫ 1, R 0 ≫ 1 because Q (and T a) is large. We then find
Thus the asymptotic frequency of magnetoconvective modes is independent of the rotation rate and of the wavenumber k, while the threshold for the excitation of this mode increases with T a, but decreases with increasing k. If, in contrast, one looks for modes with frequency larger than O(Q 1 2 ) one finds the fast MAC mode:
Evidently, this mode is the inertial wave, and its long wave properties are entirely independent of the magnetic field. Note in particular that the critical Rayleigh number increases with T a and decreases with increasing k. Finally, we also need to locate the slow MAC mode. To this end we suppose that the frequency is smaller than O(Q 1 2 ). We find that
Evidently, this mode is a pure thermally excited Alfvén oscillation, and its critical Rayleigh number is independent of the rotation. Consequently the threshold for this mode is independent of the rotation rate δ, as noted in Figures 2-4 . Thus both of these modes only acquire their MAC character at finite k, and it is at these wavenumbers that the characteristic decrease of the fast frequency with k and the corresponding increase in the slow frequency first manifest themselves, a property that results in their interaction with one another as well as with the magnetoconvective mode. It is this behavior that is identified by the scaling leading to Regime III.
It should be emphasized that different asymptotic results hold in the case T a = O(Q 1−ε ), ε > 0. In this case the magnetic field determines the main properties of the system, with the rotation playing a secondary role. For brevity we omit the results.
Regime II: The Dispersion Relation (8)
The dispersion relation (8) can be used to extend the long wave results derived from (6) into a more interesting regime in which some of the k dependence is retained. This is of course because this dispersion relation in fact only applies for k ≫ π. Hence the long wave limit investigated in this section corresponds to (unscaled) k ∼ π. The resulting frequency and the critical Rayleigh number are again determined from the real and imaginary parts of (8) . The magnetoconvective mode is characterized by
. This time one finds
Thus as leading order the frequency of the magnetoconvective mode is independent of both k and δ, while the threshold decreases both with increasing k and at fixed k with decreasing δ.
The fast mode is characterized by the properties
, where λ and R 0 are O(1) quantities. Straightforward analysis now shows that
These relations describe not only the decrease of the frequency of the fast mode with increasing k but indicate in addition that at fixed k the frequency increases as δ 1 2 , while the critical Rayleigh number increases as δ. In contrast, the slow mode is characterized by
It follows that the slow mode is entirely independent of the Prandtl number in the long wavelength limit. Its frequency increases with k, but at fixed k the frequency decreases as δ 
Hereσ is the scaled Prandtl number. Thus at leading order the frequency of the magnetoconvective mode is independent of δ, while the threshold decreases both with increasing k and at fixed k with decreasing δ. The fast mode takes the different form
, where λ, β and R 0 are O(1) quantities. Straightforward analysis now shows that
These relations describe not only the decrease of the frequency of the fast mode with increasing k but indicate in addition that at fixed k the frequency increases as δ . This is a consequence of the fact that the limits k → 0 and σ → 0 do not commute.
In contrast, the slow mode is independent of the Prandtl number and hence continues to be described by the asymptotic relations (21). It follows that in the limit k → 0 the slow modes set in only slightly before the fast modes, the difference in thresholds decreasing with decreasing ζ. These predictions are in perfect agreement with the numerical results in Figures 6-8.
Discussion
In this note we have explored the properties of the dispersion relation characterizing the onset of convection in a rotating layer in the presence of an imposed vertical magnetic field. Although the basic dispersion relation is valid for both two-and three-dimensional disturbances we have emphasized the properties of two-dimensional roll-like perturbations. For sufficiently small values of the two Prandtl numbers σ and ζ the dispersion relations admits three modes. We have called these the slow and fast MAC (MagnetoArchimedean-Coriolis) modes by analogy with earlier work by Braginskii, with a third mode called the magnetoconvective mode. We have focused on the astrophysically relevant regime of strong rotation and strong magnetic field, and identified three distinct asymptotic regimes, characterized by the relative strength of the rotation and magnetic field. Each mode has a characteristic dispersion curve ω(k), where k is the wavenumber. As rotation increases the usual overstable convection mode turns into the slow MAC mode. The frequency of this mode is low and increases with increasing k, in contrast to the fast MAC mode which is essentially an inertial wave whose frequency increases with the rotation rate but decreases with k. The magnetoconvective mode requires sufficiently fast rotation for its presence but its frequency is independent of the rotation and almost independent of k, at least until the dissipative regime is reached. The critical Rayleigh numbers of all three modes decrease as k −2 reaching a minimum somewhere between k = O(Q , and then increase at higher wavenumbers. In-between the modes undergo a sequence of complicated interactions among themselves and the steady state instability, mediated by the creation and destruction of Takens-Bogdanov points. We have explored this interaction as parameters are varied both within the exact dispersion relation and within several simplified asymptotic regimes, in all of which the pertur-bations remain in magnetostrophic balance. Somewhat similar transitions occur in other problems described by higher order dispersion relations, as shown already by Pearlstein [10] . We anticipate that these interactions continue into the nonlinear regime, and will describe the corresponding results elsewhere.
